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A novel peripheral membrane protein (2c18) that interacts

directly with the gamma ‘ear’ domain of the adaptor

protein complex 1 (AP-1) in vitro and in vivo is described.

Ultrastructural analysis demonstrates a colocalization

of 2c18 and c1-adaptin at the trans-Golgi network (TGN)

and on vesicular profiles. Overexpression of 2c18

increases the fraction of membrane-bound c1-adaptin

and inhibits its release from membranes in response to

brefeldin A. Knockdown of 2c18 reduces the steady-state

levels of c1-adaptin on membranes. Overexpression or

downregulation of 2c18 leads to an increased secretion

of the lysosomal hydrolase cathepsin D, which is sorted by

the mannose-6-phosphate receptor at the TGN, which itself

involves AP-1 function for trafficking between the TGN

and endosomes. This suggests that the direct interaction of

2c18 and c1-adaptin is crucial for membrane association

and thus the function of the AP-1 complex in living cells.

We propose to name this protein c-BAR.
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Introduction

The different membrane organelles within cells are formed

and maintained through the continuous addition and retrie-

val of proteins and lipids, which travel back and forth

between compartments. Such transport occurs in specific

tubular and vesicular carriers that are formed in the donor

compartment utilizing a protein coat congregating the selec-

ted cargo (Aridor et al, 1998). The best-characterized coats

are those containing clathrin, a protein complex capable of

forming a ‘cage’ around the membrane protein coat. Clathrin

assembles with multimeric adaptor protein (AP) complexes

AP-1 and AP-2, although the requirement of the homologous

complexes AP-3 and AP-4 for clathrin is still unclear (re-

viewed in Boehm and Bonifacino, 2001; Robinson and

Bonifacino, 2001; Robinson, 2004). The subunits of these

different coats are thought to select membrane protein cargo

by interacting directly or indirectly with specific amino-acid

motifs present in their cytoplasmic domain, thereby facilitat-

ing protein sorting (Kirchhausen et al, 1997; Bonifacino and

Dell’Angelica, 1999). In addition, it is known that the asso-

ciation of at least the AP-1, AP-3 and AP-4 adaptor proteins

with membranes is dependent on the small GTPase ARF

(ARF: ADP ribosylation factor), although ARF itself is not a

component of the final clathrin-coated vesicle (Robinson and

Kreis, 1992; Stamnes and Rothman, 1993; Zhu et al, 1999).

The AP-1 adaptor complex localizes to the trans-Golgi

network (TGN) (Robinson, 1990) and endosomes (Le

Borgne et al, 1996; Futter et al, 1998; Deneka et al, 2003)

and is implicated in the traffic between these compartments

(Meyer et al, 2000; and reviewed in Hinners and Tooze,

2003). It comprises two large chains of adaptor proteins, or

‘adaptins’, g1 and b1, in addition to a medium (m1) and small

(s1) chain. Of these, the m1 chain is believed to be respon-

sible for the interaction with the cytoplasmic domains of

cargo proteins containing a YXXF motif (where F is a

hydrophobic residue) (Ohno et al, 1995), while the b1

chain has been shown to interact with dileucine-based signals

of cargo molecules (Rapoport et al, 1998) in addition to

clathrin (Gallusser and Kirchhausen, 1993). Recently, binding

of a g1–s1 hemicomplex to dileucine-based signals has

been reported (Janvier et al, 2003). A recent report has also

indicated the g1-adaptin subunit has a domain capable of

binding clathrin (Doray and Kornfeld, 2001), and additionally

is believed to function as a platform for binding other

regulatory proteins (Kent et al, 2002; Nogi et al, 2002).

In addition to AP-1, another related family of proteins, the

Golgi-localized, gamma ear-containing, ARF-binding proteins

(GGAs), has also been identified as a factor that controls

post-TGN trafficking (Boman et al, 2000; Dell’Angelica et al,

2000; Hirst et al, 2000). GGAs localize to the TGN, have simi-

larity to the g1-adaptin subunit of AP-1, bind ARF-GTP and

possess a clathrin-binding site. Bonifacino and co-workers

(Puertollano et al, 2001) have shown that the cytoplasmic

domain sequence used by mannose-6-phosphate receptors

(MPRs) for sorting to endosomes is specifically recognized by

GGA proteins, and that the GGA and the receptor leave the

Golgi together. Recently, it has been shown that GGAs and

AP-1 actually bind each other, and might cooperate in packa-

ging MPRs at the TGN (Doray et al, 2002).

AP-mediated transport in the late secretory pathway must

therefore be tightly controlled and involves many regulatory

proteins. Indeed in the case of AP-2/clathrin-mediated endo-

cytosis from the cell surface, a large number of accessory
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factors that bind the a-adaptin subunit have been identified

(reviewed in Slepnev and De Camilli, 2000). However, the

scenario is somewhat different for the g1-adaptin subunit

of AP-1. To date, g-synergin (Page et al, 1999), Rabaptin-5

(Shiba et al, 2002), p56 (Lui et al, 2003), the ENTH domain-

containing protein EpsinR (Kalthoff et al, 2002; Wasiak et al,

2002; Hirst et al, 2003; Mills et al, 2003), NECAP and

aftiphilin (Mattera et al, 2004) are among the few proteins

that can bind g1-adaptin; however, the specific role of most

of these in AP-1 sorting is unclear. Recently, the identification

of a GGA and g1-adaptin ear-binding motif (GAE), namely

CG(P/D/E)( C/L/M) (where C represents an aromatic resi-

due), in all of these accessory proteins provides a possible

strategy to identify further interactors (described in Mattera

et al, 2004).

Here, we describe a peripheral membrane protein that

localizes to membranes of the late secretory pathway, and

interacts with the g1-adaptin subunit of the AP-1 sorting

machinery. This direct interaction of 2c18 and g1-adaptin

is crucial for the membrane association and thus function of

the AP-1 complex in living cells.

Results

A novel peripheral membrane protein that interacts

with the ‘ear’ domain of c1-adaptin

Using a visual screen based on green fluorescent protein

(GFP) tagging of novel full-length cDNAs (Wiemann et al,

2001), we recently identified new proteins that localize to

structures of the secretory pathway and thus potentially

regulate membrane traffic (Simpson et al, 2000). One of

these proteins (DKFZp564C182; henceforth abbreviated

2c18), when expressed in Vero cells as a C-terminally tagged

GFP fusion protein, localized to the juxta-nuclear Golgi

region and to smaller discrete punctate or tubular structures

throughout the cytoplasm, which were highly mobile and

cycling between the juxta-nuclear area and the cell periphery

(Figure 1A and Supplementary video). The appearance and

kinetics of these structures strongly resembled previously

described post-TGN membrane carriers (see, for example,

Waguri et al, 2003).

Sequence analysis of 2c18 predicted a protein of 302 aa

(Figure 1B). The Coils program (Lupas et al, 1991) indicated

the presence of a coiled-coil region from residues 78 to 138,

but other motif prediction software did not predict the pre-

sence of either a signal peptide or transmembrane domains.

Analysis of protein solubility by sodium carbonate (pH 11)

buffer extraction demonstrated that 2c18 is a peripheral

membrane protein (not shown), as also predicted by se-

quence analysis using the PSORT program (Nakai and

Horton, 1999). Amino-acid alignments and comparisons did

not reveal significant homologies to any known proteins.

Database analyses however indicated that the equivalent

protein exists in mouse (89% identical at the protein level)

and antibodies raised against the human protein crossreacted

with a protein of similar size in extracts from a variety of rat

tissues (not shown), suggesting that a closely related protein

also exists in rat.

Yeast two-hybrid screening using an N-terminal 2c18 frag-

ment (residues 1–151) as ‘bait’ revealed several potential

2c18-interacting proteins (not shown). The strongest interac-

tion was observed with a fragment that could be mapped to

aa 253–822 of human g1-adaptin (Supplementary Figure 1).

Other potential 2c18 interactors identified in this screen

included the Rab5 GTPase activating protein (GAP) tuberin

(Xiao et al, 1997), the Rab5 effector Rabaptin-5 (Lippe et al,

2001) and the ARF-related protein ARD1 (Vitale et al, 1998).

All these proteins are known to be associated with post-Golgi

traffic. However, none of the potential interactors identified

by the yeast two-hybrid screen mapped to subunits of other

adaptor complexes such as AP-2, AP-3, AP-4 or GGAs or to

components of the COPI and COPII vesicular coat protein

complexes.

Immunoprecipitation of endogenous 2c18 from HeLa cell

extracts specifically co-precipitated g1-adaptin (Figure 1C).

In contrast, co-precipitation of the a-adaptin subunit of AP-2,

the d-adaptin subunit of AP-3, GGA1 or the GGA3 protein

from both nontransfected (Figure 1C) and 2c18-GFP-trans-

fected cells (not shown) was not detected. In 2c18-GFP-

overexpressing cells, increased amounts of g1-adaptin could

be co-precipitated (Figure 1C).

To further establish the significance of this potential inter-

action, we performed direct binding assays with purified

glutathione-S-transferase (GST)-tagged g1-adaptin domains

and recombinant histidine-tagged 2c18 protein (Figure 1D).

Both GST and GST-g1-adaptin ‘hinge’ (aa 595–683) showed

no binding affinity for 2c18, as both of these proteins were

found in the supernatant fractions of the binding assays. In

contrast, the GST-g1-adaptin ‘ear’ domain (aa 703–822)

showed a very strong affinity for 2c18, indicating that the

binding of g1-adaptin to 2c18 is direct and occurs via the ‘ear’

domain. Due to the high homology between the ‘ear’ do-

mains of g1-adaptin and the GGA proteins (GAE domains),

we also looked for a 2c18–GGA interaction in the direct

binding assay. These experiments revealed a significant

in vitro interaction between recombinant 2c18 and GGA1

‘ear’ despite our inability to co-precipitate the GGA proteins

with the 2c18 antibodies from cells.

It has recently been proposed that GAE domains may bind

to a series of accessory proteins via a common motif. In

particular, the consensus sequence CG(P/D/E)(C/L/M), pre-

ceded by negatively charged residues, appears to be critical

in this respect (Collins et al, 2003; Miller et al, 2003; Mattera

et al, 2004). Examination of the 2c18 sequence revealed three

similar motifs in the molecule, namely the sequences FGLL,

FENL and YSGF (Figure 1B, marked in bold), suggesting that

2c18 and g1-adaptin interaction could occur via one or all of

these motifs. To test this hypothesis, we synthesized peptides

containing both the ‘wild-type’ motifs and mutated versions

‘AGLA’, ‘AENA’ and ‘ASGA’, respectively, and tested their

ability to bind to recombinant GST-g1-adaptin and GST-

GGA1 ‘ears’. While each of the peptides containing the

wild-type sequence showed an affinity for the g1-adaptin

‘ear’, the presence of the two point mutations totally abol-

ished this interaction (Figure 1E). Equivalent experiments

revealed a lower affinity between the wild-type peptides and

the GGA1 ‘ear’, with more protein detectable in the super-

natants (Figure 1E).

Since such GAE-binding motifs are found in all the AP-1

accessory proteins described so far, we wanted to determine

if these proteins were able to compete with 2c18 for the same

binding site on the g1-adaptin ‘ear’. One example of such an

accessory protein is EpsinR (Kalthoff et al, 2002; Wasiak et al,

2002; Hirst et al, 2003; Mills et al, 2003). As shown in
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Figure 1F, EpsinR was seen to competitively interact with the

g1-adaptin.

Cellular localization of 2c18

Immunofluorescence analysis revealed that the localization

of endogenous 2c18 was similar to that seen with the GFP-

tagged protein, predominantly displaying a juxta-nuclear

pattern with a few small dot-like structures throughout the

cell (Figure 3A). Costainings with the cis-Golgi marker

GM130 showed no apparent overlap in the localization of

these two proteins (Supplementary Figure 2). In contrast,

costainings with the late Golgi marker TGN46 showed

many overlapping structures in the juxta-nuclear region

(Supplementary Figure 2). Consistent with the interaction

data above, 2c18 colocalization with g1-adaptin showed

significant overlap in the juxta-nuclear area but only little

in dot-like structures throughout the cell (Figure 3A).

We next examined the localization of 2c18 at the ultra-

structural level by immunogold electron microscopy (EM) in

HeLa SA:48 cells, a cell line stably transfected with the TGN

marker sialyltransferase (Rabouille et al, 1995). 2c18 (Figure

2A, C and D, arrows) was observed on membrane structures

in close proximity to the TGN, as identified by the presence

of the sialyltransferase (Figure 2A, C and D, arrowheads). In

addition, 2c18 was also observed on membranes resembling

endocytic structures (marked E in Figure 2A). To further

confirm this endosomal localization, we incubated HeLa

SA:48 cells with gold-BSA for 10 min followed by a 20 min

chase period in order to label late endosomes. Colocalization

of 2c18 and internalized gold-BSA could be observed on

Figure 1 Characterization of 2c18 and its interaction with g1-adaptin. (A) Fixed (left panel) and living (right panel) Vero cells expressing GFP-
tagged 2c18 showing the protein localizing to the juxta-nuclear Golgi region, punctate and tubular structures (arrows) and the plasma
membrane (arrowheads). Bars represent 10mm. A time-lapse video showing the dynamics of 2c18-GFP is available as Supplementary data
(video 1). (B) Amino-acid sequence of the 2c18 ORF. Residues in gray represent the predicted coiled-coil domain, dotted underlined residues
indicate a predicted tyrosine kinase phosphorylation site and solid underlined residues designate the peptide sequence used to generate the
anti-2c18 antibodies. Bold residues show potential GAE-binding motifs. (C) Protein extracts prepared from HeLa cells were immunoprecipitated
with anti-2c18 antibodies followed by Western blotting for different components of various adaptor complexes as indicated. Only co-
immunoprecipitation of g1-adaptin by 2c18 was detectable, and to a higher degree from 2c18-GFP-transfected cells. No co-immunoprecipitation
of a-adaptin, d-adaptin, GGA1 or GGA3 was detected under these conditions. Lane 1 contains 20mg of total HeLa extract from nontransfected
cells. (D) Various purified GST fusion proteins were incubated with immobilized His-tagged 2c18 and subsequently separated by centrifugation
into pellet (P) and soluble (S) fractions to determine binding to 2c18. Following SDS–PAGE and Western blotting, the samples were probed with
anti-GSTantibodies. Only the g1-adaptin and GGA1 ‘ear’ domains interact with recombinant 2c18. (E) 2c18 peptides containing putative GAE-
binding motifs, FGLL (aa 5–18), FENL (aa 35–55), YSGF (aa 270–287), and their counterparts containing alanine substitutions were incubated
with GST-g1-adaptin and GST-GGA1 ‘ears’. All the wild-type peptides bound strongly to the g1-adaptin ‘ear’, but less so to the GGA1 ‘ear’. None
of the peptides containing the alanine substitutions bound to either of the GST-tagged proteins. (F) GST-g1-adaptin ‘ear’ was bound to
immobilized 2c18 and then competitively eluted with either purified GST-EpsinR or GSTalone. The remaining 2c18-bound g1-adaptin ‘ear’ was
determined by SDS–PAGE and Western blotting. EpsinR protein was able to competitively remove the g1-adaptin ‘ear’ from 2c18.
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large, highly invaginated membrane structures, typical of late

endosomes (Griffiths et al, 1988; reviewed in Gruenberg,

2001) (Figure 2B). It was also possible to visualize 2c18 at

the plasma membrane (Figure 2E), consistent to that seen

by light microscopy in cells expressing GFP-tagged 2c18

(Figure 1A). Quantification revealed that the majority of all

of the 2c18-gold particles (48.2%) were found on late en-

docytic structures, with a small number of the total on the

TGN (3.6%) and early endosomes (4.3%) (Table I). In

colocalization studies with 2c18 and g1-adaptin in rat pan-

creatic tissue, an organ known for its highly active secretory

pathway, a number of colocalizing structures on both the

TGN and vesicular profiles in close proximity to the TGN

were observed (Figure 2F and G). Quantification of these

double-labeling experiments revealed that half of all the 2c18-

positive structures at or close to the TGN also contained

g1-adaptin (Table II).

Relationship between 2c18 and c1-adaptin in living cells

In order to investigate the relationship between 2c18 and AP-

1, we first transfected HeLa cells with small interfering RNAs

(siRNAs) targeted against the 2c18 mRNA. Western blot

Figure 2 Ultrastructural localization of 2c18. (A, C, D) Double labeling of HeLa SA:48 cells for the TGN marker sialyltransferase (12 nm gold,
arrowheads) and endogenous 2c18 (15 nm gold, arrows). 2c18 localizes in close proximity to the Golgi complex (G) and the TGN (TGN), in
addition to endocytic structures (E). No labeling is detectable on mitochondria (M). (B) The 5 nm gold-BSA (arrowheads) was internalized for
10 min and chased for 20 min to label late endosomes. 2c18 (10 nm gold, arrows) is present on the inner membranes of this multivesicular
structure. (E) 2c18 (10 nm gold, arrows) is also seen to localize to the plasma membrane (PM). (F, G) Double labeling of rat pancreatic tissue for
g1-adaptin (10 nm gold, arrowheads) and endogenous 2c18 (15 nm gold, arrows). Both markers are seen to colocalize on TGN buds and
vesicular profiles. ‘SG’ denotes secretory granules. Bars represent 200 nm.
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analysis of such cells indicated little remaining 2c18 under

these conditions (Supplementary Figure 3A). No apparent

effect on GGA3, COPI, AP-2 or early endosome antigen I

(EEA1) distribution was observed in cells treated with

siRNAs targeting 2c18 (Supplementary Figure 3). Analysis

of cytosol and membrane fractions from these cells showed

that significantly less g1-adaptin was detectable in the mem-

brane fraction (mb/cyt¼ 1.5/1.0; Figure 3B, upper panel)

than in the mock-transfected cells where g1-adaptin was

present in both fractions (mb/cyt¼ 5.3/1.0). These results

could be confirmed in immunofluorescence experiments,

where in those cells clearly lacking 2c18 staining, the

g1-adaptin was seen to have lost its juxta-nuclear localiza-

tion, now being distributed throughout the cytoplasm

(Figure 3C).

Since lowered levels of 2c18 resulted in reduced mem-

brane-bound g1-adaptin, we next asked what the conse-

quence of excess 2c18 might be. In extracts prepared from

2c18-GFP-overexpressing cells, the g1-adaptin was now sub-

stantially enriched in the membrane fraction (mb/cyt¼ 9.3/

1.0) compared to nontreated control cells (mb/cyt¼ 4.0/1.0)

(Figure 3B, lower panel). These biochemical observations

were further confirmed by immunofluorescence analysis. A

drastic redistribution of endogenous g1-adaptin could be

observed upon overexpression of 2c18-GFP (Figure 3D).

The levels of g1-adaptin were significantly reduced in the

fine vesicle-like peripheral structures and appeared now to be

concentrated in larger structures strongly colabeled for over-

expressed 2c18. A similar effect was also observed in cells

overexpressing a nontagged 2c18 construct (not shown). No

such effect on the distributions of AP-2, AP-3 or GGA3 was

observed at 2c18-GFP expression levels similar to that shown

in Figure 3D (not shown). Together, these data suggest that

g1-adaptin and therefore AP-1 membrane localization is

dependent on 2c18 function.

To investigate the 2c18 distribution in cells lacking a

functional AP-1 complex, we made use of a recently char-

acterized mouse fibroblast cell line in which the m1A-adaptin

subunit of AP-1 has been genetically deleted (Meyer et al,

2000), and HeLa cells where the m1A protein had been

downregulated more than 90% by treatment with siRNAs

(Hirst et al, 2003). Both of these situations result in an

inability of the remainder of the AP-1 complex to bind

membranes, and in both cases the 2c18 was seen to have

lost its juxta-nuclear staining and was now spread predomi-

nantly throughout the cytoplasm (Supplementary Figure 4).

When 2c18 and g1-adaptin were monitored over time in cells

treated with siRNAs targeting the m1A protein, g1-adaptin

was released from membranes earlier than 2c18 (compare

Supplementary Figure 4C with D). This suggests that 2c18

can bind membranes independent of g1-adaptin but fails to

do so in the continuous absence of g1-adaptin from mem-

branes, possibly as a result of indirect effects.

To further characterize the effects of 2c18 on the mem-

brane association of AP-1, we transfected Vero cells with

2c18-GFP DNA, and treated them with brefeldin A (BFA) for

increasing periods of time followed by immunostaining for

g1-adaptin and various other coat protein subunits (Figure 4).

In nontransfected cells, both g1-adaptin and the COPI coat

complex rapidly dissociated from membranes after just 2 min

of BFA treatment, as previously described (Robinson and

Kreis, 1992). In contrast, in 2c18-overexpressing cells (aster-

isks), g1-adaptin, but not COPI, largely retained a juxta-

nuclear localization that persisted for at least 30 min of

treatment (Figure 4A and B). Moreover, in cells overexpres-

sing 2c18, treatment with BFA still resulted in the cytoplasmic

redistribution of both d-adaptin (AP-3; Figure 4C) and GGA3

(Figure 4D).

Our data suggest that 2c18 is involved in the control of

membrane association/dissociation of the AP-1 adaptor com-

plex by its direct interaction with g1-adaptin. If this is indeed

the case, one prediction would be that overexpression of a

non-g1-adaptin binding variant of 2c18 should not result in

the observed changes to AP-1 distribution. To test this, we

generated a series of point mutants of 2c18, initially concen-

trating on the predicted GAE-binding motifs. We transfected

HeLa cells with these and first determined if they were still

able to co-precipitate g1-adaptin from cells. Surprisingly,

even a 2c18 protein with mutations in all three GAE-binding

motifs (2c18DBM-CFP; CFP: cyan fluorescent protein) was

still able to co-precipitate g1-adaptin (Figure 5A), and like-

wise was able to redistribute g1-adaptin to the membrane

fraction when overexpressed (Figure 5B). Another possible

mechanism of interaction between adaptors and their acces-

sory proteins is via coiled-coil structures, as has been re-

ported for Rabaptin-5 (Mattera et al, 2003). To test directly if

the coiled-coil region of 2c18 might be able to interact with

g1-adaptin, we performed in vitro binding assays. Small

amounts of g1-adaptin ‘ear’ could be bound to the 2c18

coiled-coil domain, but binding of the GGA1 ‘ear’ to this

domain was not detectable under these conditions

(Figure 5D). Database analysis revealed that a naturally

Table I Relative distribution of 2c18 labeling in SA:48 cells

Compartment % distribution % s.d.

TGN 3.6 71.6
Golgi stacks 0.0 70.0
Late endocytic structures 48.2 73.5
Early endosomes 4.3 70.4
Plasma membrane 8.2 73.6
Vesicular profiles 3.9 72.3
Unknown membranes 18.4 72.8
Others 13.0 NA

Cells were immunogold labeled for endogenous 2c18. A total of
2000 randomly selected gold particles were counted from 10 grids
at a magnification of 13 500 and each of these was assigned to a
compartment. Membrane buds within 400 nm of the Golgi were
considered to be the TGN. ‘Others’ include cytoplasm, endoplasmic
reticulum and mitochondria. Standard deviation was determined
between grids.
NA¼not applicable.

Table II Colocalization of 2c18 and g1-adaptin labeling at the TGN
of rat exocrine pancreas

% single
labeled for

2c18

% double
labeled for
2c18 and
g1-adaptin

% single
labeled for
g1-adaptin

Labeled TGN structures 1571 1572 6972

Cryosections of rat pancreatic tissue were labeled for g1-adaptin
and 2c18. Labeled structures were assigned as either being single
or double labeled for these markers. Three grids were counted at a
magnification of 16 000. Membrane buds within 400 nm of the Golgi
were considered to be the TGN. Standard deviation was determined
between grids.
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occurring 2c18 splice variant lacking the coiled-coil domain

of the full-length protein existed. Due to the skipping of a

single exon, the protein encoded is 33 residues shorter than

the full-length 2c18, crucially removing the majority of the

coiled-coil domain (Figure 1B). Overexpression of this 2c18

variant was unable to co-precipitate g1-adaptin or redistri-

bute it to the membrane fraction (Figure 5A and B).

Furthermore, this variant was unable to confer BFA resistance

to AP-1, a key feature of the full-length 2c18 (Figure 5C).

Yeast two-hybrid analysis with this splice variant also failed

to identify g1-adaptin as a potential interactor (not shown).

This splice variant does however still contain all three GAE

motifs present in the full-length 2c18, and might therefore

still have the ability to bind to GAE domains. Indeed, in vitro

binding experiments confirmed that, similar to the full-length

2c18, this variant could bind both g1-adaptin and GGA1 ‘ear’

domains (Figure 5D). Together, these data imply that the

observed effects on AP-1, as described above, are a conse-

quence of the 2c18–g1-adaptin interaction in cells, most likely

mediated through the 2c18 coiled-coil region.

2c18 is required for AP-1 function

If the 2c18–g1-adaptin interaction is important for AP-1-

mediated transport in cells, an obvious prediction would be

that traffic from the TGN and/or endosomes of proteins

such as the MPRs, which have been shown to be present in

AP-1-coated carriers (Le Borgne and Hoflack, 1997; Waguri

et al, 2003), would be affected by changes in the intracellular

levels of 2c18. In 2c18-overexpressing cells, the MPRs were

redistributed compared to nontransfected control cells

(Figure 6A). In nontransfected control cells, the MPR staining

was characterized by an increased juxta-nuclear staining in

87% of the cells, which could be observed in only 33% of the

2c18-overexpressing cells (Figure 6A). In the transfected

cells, the MPRs were more diffusely distributed throughout

the cytoplasm in structures containing 2c18-GFP (Figure 6A;

63717% colocalization). The majority of these 2c18-GFP-

and MPR-positive structures also contained g1-adaptin

(Figure 6B, arrows). We next investigated whether this

2c18-induced MPR redistribution had any effect on cargo

molecule trafficking. Newly synthesized lysosomal enzymes

Figure 3 2c18 expression levels influence g1-adaptin membrane association. (A) HeLa cells were immunostained for endogenous 2c18 and g1-
adaptin. Colocalizing structures are marked by arrows. (B) Membrane (mb) and cytosol (cyt) fractions were prepared from HeLa cell extracts
and then subjected to SDS–PAGE followed by Western blotting for g1-adaptin. (C) HeLa cells were treated with siRNA oligonucleotides against
2c18 and then fixed and double stained for 2c18 and g1-adaptin. Cells showing a decreased 2c18 staining are marked with asterisks.
Arrowheads point to g1-adaptin’s juxta-nuclear localization. (D) Vero cells were transfected with a plasmid encoding 2c18-GFP for 18 h and
then fixed and stained for g1-adaptin. Overexpression of 2c18-GFP causes a more compact staining of g1-adaptin, which now almost totally
overlaps with the 2c18-GFP (arrows). Transfected cells are denoted with asterisks. Bars represent 10 mm.
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such as cathepsin D are transported from the TGN to

lysosomes, after binding to MPRs, by being packaged into

clathrin-coated carriers in a process involving AP-1 (Doray

et al, 2002). Pro-cathepsin D is intracellularly sorted and is

first found in early endosomes, where it dissociates from the

MPR due to the low pH. Processing to the intermediate form

starts during its transit to late endosomes, and its maturation

is completed in lysosomes. Therefore, any interference with

AP-1 function and thus MPR trafficking should either lead

to secretion of cathepsin D precursors or their intracellular

accumulation. Indeed, in cells either lacking a functional

AP-1 complex or overexpressing AP-1-interacting proteins, a

fraction of pro-cathepsin D is missorted and secreted (Meyer

et al, 2000; Mills et al, 2003). In the 2c18-overexpressing

cells, a three-fold increase in the secretion of cathepsin D

compared to GFP-transfected cells, and a 2.5-fold increase

compared to nontransfected cells was observed (Figure 6C).

Furthermore, if we also factor in the observation that, at

most, 80% of these cells were in fact transfected with 2c18-

GFP (as determined by immunofluorescence, not shown),

the degree of missorting and thus secretion of cathepsin D

becomes even more pronounced. Similar to the overexpres-

sion experiments, in cells with downregulated 2c18 (approxi-

mately 80% of the initial levels; see Supplementary Figure

3A), about four times more cathepsin D was secreted as

compared to nontransfected cells (Figure 6D). A similar

degree of cathepsin D missorting was observed when m1A-

adaptin was downregulated (Figure 6D). This suggests that

2c18 is necessary for AP-1-dependent transport between the

TGN and endosomes.

In the experiments described above, 2c18, MPRs and g1-

adaptin colocalized in 2c18-overexpressing cells (Figure 6B),

Figure 4 2c18 overexpression stabilizes AP-1 on membranes in the presence of BFA. Vero cells expressing 2c18-GFP were treated with 5mg/ml
BFA for increasing lengths of time as indicated and then fixed and immunostained for g1-adaptin and other coat complex components. (A) AP-1
but not COPI retains its membrane localization in cells overexpressing 2c18-GFP after 2 min of BFA treatment. (B) After 30 min BFA treatment,
AP-1 is still present on membranes of 2c18-GFP cells. (C) AP-3 and (D) GGA3 are not stabilized on membranes by 2c18-GFP in the presence of
BFA. Transfected cells are denoted with asterisks. Bars represent 10 mm.
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suggesting that all three proteins are retained on the same

structures. Due to the lack of resolution of light microscopy, it

was unclear from these experiments whether these structures

resembled TGN/TGN-derived membranes or endosomes. To

address this, cells were treated for 2 h with nocodazole. This

has the effect of separating Golgi and endosomal markers into

distinct structures, whereas Golgi stack and TGN localizing

proteins are found in Golgi ministacks opposing each other

(Shima et al, 1997). Under these conditions, in 2c18-over-

expressing cells, the MPRs colocalized with 2c18-CFP in

structures lying adjacent to GM130-positive structures

(Figure 7A) and colocalizing with the TGN marker p230

(Figure 7B). Comparison of nontransfected with transfected

cells showed an increase in colocalization of MPRs and p230

from 1272 to 5576%. Colocalization of MPRs with the early

endosomal marker EEA1 was similar for nontransfected and

transfected cells (Figure 7C; 3673 and 4178%, respec-

tively). Only 571% of Golgi structures colocalized with the

endosomal marker EEA1 in the presence of nocodazole,

independent of 2c18 overexpression.

Discussion

In this work, we introduce and describe a newly identified

peripheral membrane protein (2c18) of the late secretory

pathway. We demonstrate that 2c18 can directly interact

with the ‘ear’ domain of g1-adaptin, and that the cellular

levels of this protein strongly influence the amount of

g1-adaptin associated with membranes. When cellular levels

of 2c18 are increased, g1-adaptin becomes enriched in the

membrane fraction, and concentrated on 2c18-positive mem-

brane structures. Further, the g1-adaptin dislocation into the

cytoplasm in the presence of BFA is inhibited, suggesting that

2c18 interaction with g1-adaptin attenuates the release of

membrane-bound g1-adaptin. Consistent with this, depletion

of 2c18 results in an increased amount of g1-adaptin recov-

ered from the cytosolic fraction of cells. By visual inspection,

the g1-adaptin pool appears to be more diffuse, no longer

concentrated at the juxta-nuclear area. These observed

changes in g1-adaptin membrane association also result in

defects in AP-1-mediated transport, demonstrated by an

increased secretion of the lysosomal enzyme cathepsin D.

The striking g1-adaptin brefeldin A resistance observed in the

presence of excess 2c18 leads us to propose that 2c18 should

be named g-BAR.

Similar to other g1-adaptin-interacting proteins, we deter-

mined that g-BAR binds specifically to the ‘ear’ domain of this

AP-1 subunit. Bonifacino and co-workers (Mattera et al,

2004) have recently used in vitro binding and two-hybrid

analysis in a systematic way to determine the consensus

sequence CG(P/D/E)(C/L/M), preceded by negatively

charged residues, for GAE-binding proteins. g-BAR contains

three sequence motifs that largely fit this consensus.

Although these motifs present in g-BAR show some small

variance from the proposed consensus, peptide binding ex-

periments demonstrated that they are nevertheless still able

to bind in vitro to GAE domains, most likely because they

possess the critical hydrophobic residues at the 0 and þ 3

positions (Collins et al, 2003; Miller et al, 2003). The N-

terminal binding motif however is not preceded by negatively

charged residues, possibly explaining the lower affinity of this

peptide for g1-adaptin compared with the other two motifs,

which are actually preceded by such residues. We were also

able to detect an in vitro preference of the g-BAR peptides for

the GAE of g1-adaptin over GGA1. Such preferences have also

been shown for peptides of g-synergin, NECAP1 and EpsinR

(Mills et al, 2003; Mattera et al, 2004), but the explanation for

this remains unclear, and indicates that the residues around

this core motif might play a role. In vivo preferences for

particular GAEs have also been noted, for example the case

of g-synergin binding to g1-adaptin (Lui et al, 2003), and are

consistent with our finding that g-BAR interacts with

g1-adaptin but not with GGA1 or GGA3 in vivo. This is

somehow surprising as both adaptor proteins share signifi-

cant homologies in their ‘ear’ domains, which can be inter-

Figure 5 Analysis of 2c18 variants. (A) Protein extracts prepared
from HeLa cells, transfected with either 2c18-CFP, 2c18DBM-CFP,
2c18 splice-CFP or CFP alone, were immunoprecipitated with anti-
GFP/CFP antibodies and blotted for g1-adaptin. The construct
2c18DBM is comprised of full-length 2c18 with the three putative
GAE-binding motifs mutated as described in Figure 1. (B)
Membrane (mb) and cytosol (cyt) fractions were prepared from
HeLa cell extracts expressing various 2c18 constructs as described
and then subjected to SDS–PAGE followed by Western blotting
for g1-adaptin. (C) Vero cells expressing 2c18 splice-CFP were
fixed and immunostained for g1-adaptin (upper panel) or treated
with 5 mg/ml BFA for 2 min prior to immunostaining (lower panel).
Bar represents 10mm. (D) Purified GST fusion proteins were in-
cubated with immobilized His-tagged 2c18 splice variant or 2c18
coiled-coil domain (aa 78–138) and subsequently separated by
centrifugation into pellet (P) and soluble (S) fractions to determine
binding to the 2c18 variants. Following SDS–PAGE and Western
blotting, the samples were probed with anti-GST antibodies.
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changed without loss of function (Hirst et al, 2001), and even

share the same fold as determined by X-ray crystallography

(Lui et al, 2003).

The fact that all the GAE-binding accessory proteins iden-

tified so far appear to contain such motifs indicates that they

are likely to bind to the same site on the ‘ear’. Indeed for the

g1-adaptin ‘ear’, this has been shown for EpsinR and Eps15

(Wasiak et al, 2003), and more recently for interactions of

GGA1 with Rabaptin-5 or p56 (Bai et al, 2004). In this study,

we also observed such competition between g-BAR and

EpsinR, further suggesting that only one accessory molecule

at a time can bind the ‘ear’. In an attempt to correlate our in

vitro data with in vivo experiments, we generated a mutant of

g-BAR containing mutations in all three GAE-binding motifs.

Surprisingly, such a mutant was still able to co-precipitate g1-

adaptin and cause its redistribution to a membrane fraction

biochemically isolated from cells. In contrast, a g-BAR variant

lacking the central coiled-coil domain did not behave in this

way, suggesting that the in vivo g-BAR–g1-adaptin interaction

involves more than just the GAE-binding motifs. The impor-

tance of a coiled-coil domain for Rabaptin-5 interaction with

the GGAs has previously been noted (Mattera et al, 2003),

and here we suggest another protein that may use such a

feature for binding. Since the coiled-coil region of g-BAR

interacts in vitro with g1-adaptin, but not with GGA1, this

might be another way of determining the specificity of

accessory proteins binding to GAE domains. We cannot

formally exclude the possibility that another unidentified

protein assists the g-BAR–g1-adaptin interaction in vivo;

however, we consider it more likely that g-BAR–g1-adaptin

binding may be a consequence of both the coiled-coil domain

and the GAE-binding motifs. Further in vivo work will be

necessary to clarify this.

However, since the g-BAR variant defective in the in vivo

binding to g1-adaptin does not increase g1-adaptin levels on

membranes and does not inhibit the release of g1-adaptin

from membranes in BFA-treated cells, our data provide strong

evidence that it is the interaction between wild-type g-BAR

and g1-adaptin that plays a critical role in the regulation of

membrane association of g1-adaptin.

Of particular note is that we observed increased cathepsin

D secretion in both our g-BAR-overexpressing and g-BAR-

knockdown cells. One explanation for these seemingly con-

tradictory results could be that in the presence of elevated

g-BAR levels, when the g1-adaptin is retained more tightly on

membranes, the MPRs are also held at these sites, and indeed

in support of this we observed many structures colocalizing

for all three markers. The MPRs may therefore be unavailable

for sorting newly synthesized cathepsin D cargo, and thereby

in the absence of an active sorting system, it is secreted. Such

a phenotype has been previously described in MPR-deficient

fibroblasts (Dittmer et al, 1999). In cells with reduced g-BAR

levels however, the MPRs now find that functional or mem-

brane-associated AP-1 is limiting, again resulting in their

aberrant transport to the cell surface. This second result

is particularly compelling, since although overexpression

Figure 6 MPR trafficking in 2c18-knockdown or 2c18-overexpressing cells. (A) Vero cells expressing 2c18-GFP were fixed and stained for
MPRs and g1-adaptin. Arrows indicate colocalizing structures and arrowheads show juxta-nuclear staining of the MPRs. (B) Enlarged view of
the juxta-nuclear region of the transfected cell, showing all three markers colocalizing to the same structures (arrows). Bars represent 10mm.
(C) HeLa cells were transfected with a plasmid encoding 2c18-GFP. After 24 h, the maturation and secretion of cathepsin D was determined as
described in Materials and methods. ‘C’ indicates the cathepsin D recovered from total cell extracts and ‘M’ that recovered from the cell culture
medium. Arrowheads mark mature cathepsin D and asterisks precursor cathepsin D. Numbers at the bottom of (C, D) indicate the amount of
cathepsin D from the ‘M lane’ (secreted cathepsin D) divided by the sum of cathepsin D secreted and processed inside cells to the mature form
(indicated by an arrowhead in C lane). (D) HeLa cells were transfected with siRNAs as described in Materials and methods. The maturation and
secretion of cathepsin D was analyzed as described above.
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experiments can perturb membrane traffic via the titration

of other interacting factors, downregulation studies can only

produce a phenotype if the protein itself, in this case g-BAR,

is rate limiting.

Although we observe cathepsin D missorting in cells with

altered levels of g-BAR, the respective experiments do not

resolve whether this effect is occurring at the level of the

TGN, endosomes or both. The precise role of AP-1 in MPR

trafficking is still unclear, and it has been proposed that AP-1

is involved in anterograde, retrograde or both directions of

MPR trafficking between the TGN and endosomes (reviewed

in Hinners and Tooze, 2003). However, our EM analyses

showing a colocalization of g-BAR and g1-adaptin at the

TGN and that upon g-BAR overexpression MPRs show an

increased colocalization on structures colabeled with TGN

markers but not with early endosomal markers suggest that

MPRs are predominantly retained at the TGN due to the

overexpression of g-BAR. Although we consider it less likely,

we cannot formally rule out that missorting of cathepsin D

occurs also in part due to an interaction of g-BAR with

g1-adaptin on endosomes.

Since we did not observe a total colocalization of g-BAR

and g1-adaptin, this suggests that this interaction is transient,

and that the remaining proportion of g-BAR is available for

binding other molecules in other locations. This is consistent

with the high number of potential interactors identified in the

two-hybrid screen, including those such as tuberin and

Rabaptin-5 known to be involved in endosomal pathways.

Other proteins present on the plasma membrane could be

responsible for the observed cell surface localization of

g-BAR. The role of these putative interactions is presently

unclear. Similarly, the lack of total colocalization between

g1-adaptin and g-BAR is also consistent with the fact that

g1-adaptin binds other accessory proteins in a competitive

manner, with g-BAR being only one component of the AP-1

regulatory network.

Despite the numerous proteins that have been identified as

interacting with the AP-2 adaptor complex in order to reg-

ulate clathrin-mediated endocytosis, interacting partners for

the AP-1 complex have until recently largely remained elu-

sive. In this work, we add a new protein that can act as a

regulator of AP-1 traffic. The direct interaction between

g1-adaptin and g-BAR, attenuating the release of the AP-1

complex from membranes, might constitute the basis of the

molecular mechanism of this regulation step.

Materials and methods

DNA constructs
The 2c18 cDNA (clone DKFZp564C182) (GenBank accession
number AL136628) and a shorter splice variant (clone IM-
AGE:3623656) (GenBank accession number BC009485) were

Figure 7 Retention of the MPR at the TGN in 2c18-overexpressing cells. (A–C) HeLa cells were transfected with 2c18-CFP, treated with
nocodazole (20mg/ml) for 2 h and then fixed and immunostained for MPR (red) and either GM130 (A) as a cis Golgi marker, p230 (B) as a trans
Golgi marker or EEA1 (C) as an early endosome marker (all green). The insets show an enlarged area of the transfected cells in each case.
Arrows mark colocalizing structures and arrowheads those that do not colocalize. Transfected cells are denoted with asterisks. Bars represent
10mm.
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recently identified in large-scale cDNA sequencing projects carried
out by the German cDNA Consortium (Wiemann et al, 2001) and
the Mammalian Gene Collection (Strausberg et al, 2002), respec-
tively.

Antibodies
Two antibodies recognizing 2c18 were raised in rabbits. The first
one (anti-KYSN) was prepared by coupling a peptide (aa 238–257 of
the 2c18 open reading frame (ORF)) to KLH followed by injection
into rabbits (Genaxis). The second antibody (anti-2c18) was raised
against the full-length His-tagged recombinant 2c18. Both anti-
bodies were affinity purified against the respective antigens and
stored at �201C.

Western blotting and immunoprecipitation
For immunoprecipitation, HeLa cells cultured in 15 cm dishes were
lysed with IP buffer (50 mM Tris pH 8, 150 mM NaCl, 1% Nonidet
P-40 and protease inhibitors). Lysates (8 mg per immunoprecipita-
tion, except GGA3 (1 mg)) were precleared with protein A Sepharose
(Amersham Biosciences), centrifuged at 15 000 g and then the
supernatant fraction was incubated overnight with 10 mg of anti-
2c18 or anti-GFP antibodies. Complexes were recovered with
protein A Sepharose, washed five times with PBS and 0.1%
Nonidet P-40, and then treated for SDS–PAGE and Western blotting
analysis. Horseradish peroxidase-conjugated secondary antibodies
and ECL (Amersham Biosciences) were used for detection. Total
protein extracts (20mg) were included on the gels as controls.

siRNA experiments
For siRNA treatments, double-stranded RNA oligonucleotides were
designed against the 2c18 mRNA sequence (adenine 370 to adenine
390) AACAUGCUCAAGAGGUGAGCA and m1A-adaptin as described
previously (Hirst et al, 2003). Cells were incubated with 200 nM of
these siRNA oligonucleotides (Dharmacon) and Oligofectamine
(Invitrogen) according to the manufacturer’s instructions for 72
or 144 h.

Fluorescence microscopy
Unless otherwise stated, images were acquired with a ‘Cell
Observer’ Zeiss Axiovert 200 microscope. With this system, bleed
through of signals into different color channels was below the
detection levels as tested in experiments with single-labeled
samples of intensities comparable to those obtained in multi-
labeling experiments. For Figure 3A, 20 confocal slices at a
z-resolution of 300 nm were acquired on a Leica AOBS laser
scanning microscope (Leica Microsystems, Mannheim, Germany)
and assembled as a maximum projection.

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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